) and a zero-N control. There was no effect of swine manure rate, type and application time on soil pH. Mass of TOC and TON in the 15 cm soil layer increased significantly with swine manure application compared to the control, mainly at the Swift Current site, with greater increases from 3x rate than 1x rate (by 2.21 Mg·C·ha −1 and 0.167 Mg·N·ha for LFON). In conclusion, our findings suggest that the quantity and quality of organic C and N in soil can be affected by swine manure rate and type, and N fertilization even after three years, most likely by influencing inputs of C and N through crop residue, and improve soil quality.
INTRODUCTION
Of the approximately 30 million hogs marketed in Canada, nearly one-half of that industry is located in the Canadian prairie region, and approximately 90% of intensive livestock operations (ILOs) store manure in liquid form in a holding tank or lagoon until it can be land-applied. Land application of liquid swine manure (LSM) is an effective source of nutrients for crop production [1] [2] [3] . Economically feasible, environmentally friendly, and socially acceptable management of LSM from ILOs is a key element for the future viability of this industry. In LSM, there is usually less than 2% solid material [4] and most of the nutrients are in plant-available inorganic form. Thus, LSM can potentially increase soil organic C (SOC) mainly by supplying nutrients to crops [5, 6] and increasing above and below ground plant biomass thereby adding organic matter to the soil. In the Prairie Provinces of Canada, previous research has documented the agronomic benefits of LSM application on enhancing crop yields [1] . Increased soil fertility is an important benefit of LSM application that substantially increases the concentration of N, P, K and micronutrients in soil [1, 3] .
Anaerobic digestion is a promising technology that may reduce greenhouse gas (GHG, CH 4 and N 2 O) emissions by utilizing the biogas produced during digestion to displace fossil fuels and by reducing emissions during lagoon storage. The effects of land-applied anaerobically digested swine manure (ADSM) versus conventionally treated swine manure (CTSM) or N fertilizer on crop yields and GHG emissions in the Canadian prairies are presented in our previous report [7] . However, the research information on the impact of ADSM versus CTSM or N fertilizer on soil biochemical and chemical properties is lacking in the Canadian prairies, especially in the Parkland region. The objective of this study was to compare relative effects of land-applied ADSM, CTSM, or N fertilizer on quantity and quality of soil organic C and N (TOC, TON, LFOC and LFON), and some soil chemical properties (pH, ammonium-N, nitrate-N, extractable P, exchangeable K and sulphate-S). Table 1 . Precipitation in the 2006 growing season was slightly below average at both sites. In 2007, the growing season precipitation was much below long-term average at Swift Current (with particularly limited precipitation in July), but was slightly above average at Star City. In 2008, the growing season precipitation was much higher than average (especially in June) at Swift Current, but much below average (especially in May during seeding) at Star City. Treatments included autumn and spring applications of CTSM and ADSM at a 1x rate (10,000 and 7150 L·ha −1 respectively) applied each year, and a 3x rate (30,000 and 21,450 L·ha −1 respectively) applied once at the beginning of the study. A treatment receiving commercial fertilizer urea-ammonium nitrate (UAN) solution and a check (no N) were also included. Eleven treatments ( Table 2) were arranged in a randomized complete block design with four replications. Liquid swine manures were applied by the Prairie Agricultural Machinery Institute (PAMI) using a customized applicator, which injected the material to 10 cm. All plots were seeded to barley (Hordeum vulgare L.) in each of the three years, and harvested for seed and straw yield, and total N uptake. In the autumn of 2008, soil in each plot was sampled to 0 -7.5, 7.5 -15 and 15 -20 cm depths for TOC, TON, LFOC, LFON and pH, and to 0 -15, 15 -30, 30 -60 and 60 -90 cm depths for ammonium-N, nitrate-N, extractable P, exchangeable K and sulphate-S.
MATERIALS AND METHODS
For TOC, TON, LFOC, LFON and pH, soil cores at 10 locations in each plot were collected using a 2.4 cm diameter coring tube. Bulk density of soil was determined by the core method using soil weight and core volume [8] . The soil samples were air dried at room temperature after removing coarse roots and easily detectable crop z ADSM = anaerobically digested swine manure, CTSM = conventionally treated swine manure, UAN = urea ammonium nitrate (liquid), 3x = once in 3 years, 1x = annual application.
residues, and ground to pass a 2-mm sieve. Sub-samples were pulverized in a vibrating-ball mill (Retsch, Type MM2, Brinkman Instruments Co., Toronto, Ontario) for determination of TOC, TON, LFOC and LFON in soil. Soil samples used for organic C and N analyses were tested for the presence of inorganic C (carbonates) using dilute HCl, and none was detected in any soil sample. Therefore, C in soil associated with each fraction was considered to be of organic origin. Total organic C in soil was measured by Dumas combustion using a Carlo Erba instrument (Model NA 1500, Carlo Erba Strumentazione, Italy), and Technicon Industrial Systems [9] method was used to determine TON in the soil. Light fraction organic matter (LFOM) was separated using a NaI solution of 1.7 Mg·m −3 specific gravity, as described by Janzen et al. [10] and modified by Izaurralde et al. [11] . The C and N in LFOM (LFOC, LFON) were measured by Dumas combustion.
Soil samples (ground to pass a 2-mm sieve) taken for organic C and N from the 0 -15 cm layer were also monitored for pH in 0.01 M CaCl 2 solution with a pH meter. For other chemical properties, soil cores (using a 4 cm diameter coring tube) were collected at 4 locations in each plot from the 0 -15, 15 -30, 30 -60, 60 -90 and 90 -120 cm layers. The bulk density of each depth was calculated using soil weight and core volume [8] . The soil samples were air dried at room temperature, ground to pass a 2-mm sieve, and analyzed for ammonium-N [12] and nitrate-N [13] by extracting soil in a 1:5 soil: 2M KCl solution; extractable P [9] by extracting soil in Kelowna extract, exchangeable K [14] and sulphate-S [15] .
The data on each parameter were subjected to analysis of variance (ANOVA) using GLM procedure in SAS [16] . For each ANOVA, the least significant difference at P ≤ 0.05 (LSD 0.05 ) was used to determine significant differences between treatment means, and standard error of the mean (SEM) and significance are also reported.
RESULTS

Soil Biochemical Properties
At Star City, there was no significant beneficial effect of swine manure or UAN fertilizer application on TOC and TON mass in soil compared to the zero-N control treatment ( Table 3) . At Swift Current, mass of TOC and TON in soil increased with application of swine manure at 3x rate compared to control in the 0 -7.5 and also in the total 0 -15 cm depth, with the greatest increase from 3x rate of ADSM applied in spring ( Table 4) . On average, TOC and TON in soil was greater with 3x rate (once in 3 years) than 1x rate (annual application) of swine manure, and greater with ADSM than CTSM in some cases.
At Star City, mass of LFOC and LFON in soil increased with increasing rate of swine manure and also with UAN application compared to the zero-N control treatment in the 0 -7.5 cm layer ( Table 5) . On average, mass of LFOC and LFON was greater with the 3x rate (once in 3 years) than the 1x rate (annual application) of swine manure in the 0 -7.5 cm soil layer, but there was little or no effect of timing and type of swine manure application on these parameters. At Swift Current, there was a significant effect of swine manure and N fertilizer treatments on mass of LFOC and LFON in the 0 -7.5 cm soil layer ( Table 6 ). On average, mass of LFOC and LFON in soil was greater with the 3x rate (once in 3 years) than the 1x rate (annual application) of swine manure, but there was little effect of timing and type of swine manure application on these parameters. At both sites, the correlation coefficients among the TOC, TON, LFOC and LFON fractions in soil were strong, and were highly significant between TOC and TON, and between LFOC and LFON ( Table 7) . At Swift Current, the correlation between TOC and LFOC or LFON was significant at P = 0.12 or 0.15. The correlation coefficients between crop residue C input over 3 growing seasons (Table 1) and TOC, TON, LFOC or LFON were not significant in any case at Star City, but and ns refer to significant treatment effects in ANOVA at P ≤ 0.10, P ≤ 0.05, P ≤ 0.01 and not significant, respectively. was significant for LFOC and LFON at Swift Current. For linear regressions between crop residue C input and TOC, TON, LFOC or LFON, the R 2 values were not significant in any case at Star City, but highly significant for LFOC and LFON at Swift Current ( Table 8) .
Soil Chemical Properties and Distribution of Available N, P, K and S in the Soil Profile
There was no significant effect of swine manure (frequency, type and application time) or N fertilizer application after three years on soil pH in the 0 -15 cm layer at either site (data not shown). The soil pH ranged from 6.4 to 6.7 at Star City and from 5.8 to 6.5 at Swift Current among different treatments. There was also no effect of swine manure or N fertilizer treatments on ammonium-N and exchangeable K in soil at both sites, and sulphate-S in soil at Swift Current (data not shown). The amount of nitrate-N increased with the 3x rate of swine manure application in the 30 -60, 60 -90 and 90 -120 cm soil layers at Star City ( Table 9) , and in all soil layers up to the 120 cm depth at Swift Current (Table 10) . Application of UAN fertilizer had a significant effect on nitrate-N in soil at Swift Current, but no effect on soil nitrate-N at Star City. The increase in nitrate-N due to swine manure in the 120 cm soil profile was greater with CTSM than ADSM, and also greater with autumn application than spring application at Star City site. However, the opposite was true at Swift Current. The amounts of extractable P in soil tended to increase in a few cases with swine manure application in the 0 -15 and 15 -30 cm layers at Star City (Table 11 ) and in the 0 -15, 15 -30 or 30 -60 cm layers at Swift Current (Table 12) . Application of UAN fertilizer had no significant effect on extractable P in soil at either site. On average, extractable P in soil tended to be greater with CTSM than ADSM at Swift Current, but there was no effect of swine manure • and ns refer to significant treatment effects in ANOVA at P ≤ 0.10, P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and not significant, respectively.
type, rate or application time on extractable P in soil at Star City. At Star City, the amount of sulphate-S in soil increased (but not significantly) with swine manure application mainly in the 30 -60, 60 -90 and 90 -120 cm layers (Tables 13). Application of UAN fertilizer had no significant effect on sulphate-S in soil at Star City, and in fact sulphate-S in the surface 0 -15 cm soil layer tended to decrease compared to the zero-N control treatment. On average, sulphate-S in soil was greater with ADSM than CTSM, considerably greater with autumn application than spring application, and slightly greater with 1x rate than 3x rate of swine manure. There was no effect of any amendment treatment on sulphate-S in soil at Swift Current, and exchangeable K in soil at both sites (data not . The amounts of N that , *** and ns refer to significant treatment effects in ANOVA at P ≤ 0.10, P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and not significant, respectively.
could not be accounted for ranged from −132 to 57 kg·N·ha The percent recovery of applied N over 3 years ranged from 37.7% to 50.0% in seed and from 50.7% to 65.0% in seed + straw at Star City, and from 0.3% to 7.0% in seed and from 27.5 to 54.7 in seed + straw at , *** and ns refer to significant treatment effects in ANOVA at P ≤ 0.10, P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and not significant, respectively.
Swift Current in the various swine manure or N fertilizer treatments (Tables 14 and 15 ). The recovery of applied N in seed or seed + straw for swine manure was usually greater in the 3x than the 1x rate and also greater with the ADSM than the CTSM treatments.
DISCUSSION
Research has shown potential for improvement in organic C and/or N storage in soil and/or increase in soil fertility level from the application of LSM [1, 5, 6] and N fertilization [17] [18] [19] . Previous research has also suggested that long-term application of LSM can increase N, P, S and K fertility of soil, due to the return of these nutrients in manure and in crop residue to soil over years [1] . Similarly, in our study, applications of LSM and N fertilizer increased organic C and N, and amounts of plant-available N, P or S in soil in many cases, depending on soil type/site. The following sections discuss the short-term effects of LSM and N fertilization on soil biochemical and chemical properties.
Soil Biochemical Properties
Earlier research has shown positive effects of swine manure or N fertilizer application on crop yield, and soil organic matter and fertility [1, 5, 6] . Similarly, we found increase in TOC and TON from swine manure application due to its dual effect by directly contributing to organic C and N, plus additional indirect contribution of C from increased crop residue (roots, stubble, straw, chaff/ fallen leaves) returned to the land/soil, as evidenced by greatest increase in straw yield in this treatment [7] . Inorganic fertilizers supply specific nutrients, but do not contribute directly to soil organic matter, and thus may result in much less contribution to soil organic C and N. However, in our study, there was relatively greater storage of organic C and N from N fertilizer application than swine manure, at least at Star City site. The smaller storage of TOC or TON from swine manure or UAN fertilizer applications at Star City than Swift Current was probably due to the differences in soil type (Gray Luvisol loam soil at Star City versus Brown Chernozem silt loam at Swift Current) and climatic conditions (relatively moister soils at Star City than Swift Current) at the two sites, resulting in greater turn over of organic matter at Star City compared to Swift Current. In our study, the changes in LFOC and LFON due to LSM application and N fertilization were more pronounced than TOC and TON in both soils. For example, [18] [19] [20] . Our findings confirm that the changes in LFOC and LFON can be considered good indicators of changes of organic C and N in soil as a result of manure addition or appropriate fertilization. This also suggests that monitoring the changes in LFON and LFOC in the surface soil could be a good strategy to determine the potential for N supplying power, and improvement in soil quality/health. The trends of higher organic C and N in light organic fractions than total organic fractions in the manure and N fertilizer treatments were most likely associated with greater inputs of C and N to soil through manure, and also straw, chaff [17] and roots [21, 22] . The relative greater increases in C or N for LFOC or LFON than TOC or TON in our study are in agreement with other research, where light organic fraction was also more responsive to management practices than total organic fraction [18] [19] [20] . Unlike TOC and TON, there was a greater build-up of light fraction organic C or N at Swift Current than at Star City, in spite of greater input of C from crop residues plus LSM in 3 years at Star City than Swift Current. We do not have any real explanation for this unusual trend for the greater build-up of light organic fraction under relatively warmer temperature conditions at Swift Current than Star City, but this may be possibly due to relatively drier conditions which may have resulted in relatively slower decomposition of freshly added crop residues at swift Current than Star City.
Earlier long-term research studies have shown strong and highly significant correlations among TOC, TON, LFOC and LFON fractions in soil due to management practices [18] [19] [20] . However, in our study, the strong positive correlations were found only between TOC and TON, and between LFOC and LFON in both soils. Previous long-term studies have shown positive relationships between the input of increased amounts of manure and/or crop residue C or N and TOC, TON, LFOC or LFON, especially in the labile/light organic fractions [18-20, 23,24] . However, in our study after 3 years, the significant linear regressions between the amounts of C or N input and mass of organic C or N in the 0 -15 cm soil layer in various organic fractions were found only for LFOC and LFON and only at Swift Current. This lack of significant relationships between C or N input and mass of organic C or N stored in soil was probably due to short duration of our study.
Soil Chemical Properties and Distribution of Available N, P, K and S in the Soil Profile
Slow acidification of soil from N fertilization has been earlier reported after long-term annual applications of moderate rates of N fertilizer to annual crops in North America [25] [26] [27] . However, in our study, there was no effect of manure or N fertilization on soil pH, and this was probably due to the shorter duration of our present study. In a study in Quebec, Canada, Ndayegamiye and Cote [5] also found no effect of pig slurry application on soil pH even after 10 annual applications.
There was no build-up of residual ammonium-N in soil after three annual applications of swine manure or N fertilizer, no doubt due to the rapid nitrification of any ammonium-N released during mineralization of organic matter. The amount of residual nitrate-N in soil increased with increasing rate of swine manure in the 30 -60, 60 -90 and 90 -120 cm layers in the 0 -120 cm soil profile, particularly at Swift Current. This suggests potential risk of nitrate leaching below the root zone, even within the short duration of our study (only three years), as other long-term studies in China have shown a great potential of underground water contamination with nitrate-N from annual applications of farmyard manure (FYM) at relatively high rates [28] [29] [30] . Our findings also suggest the need for deep soil sampling, as soils in our study were sampled only to the 120 cm depth. In our study at Star City, there was a significant increase in nitrate-N in the soil profile with 3x LSM rate while there was only little increase in residual nitrate-N in the 0 -120 cm soil profile due to fertilizer N application. The rate of fertilizer-N applied in our study was below the rate needed for optimum yield in this soil-climatic region [31] , and the amount of N removed in the grain closely matched the amount of fertilizer-N added. This would have minimized the amount of surplus N available for leaching or other losses. However, a portion of the applied N may have been immobilized into the soil organic N pool, especially when straw was retained [20] . It is also possible that a portion of the residual soil nitrate-N may have been lost as gaseous N over the winter and especially in early spring after snow melting [32, 33] . It is unlikely that much of the applied N at Star City leached below the 120 cm depth, as evidenced by little residual nitrate-N recovered in the 30 -60, 60 -90 and 90 -120 cm soil layers in autumn 2008 sampling At Swift Current, the amounts of fertilizer and manure N applied exceeded the amounts of N removed in the grain, and based on the moderate amounts of residual nitrate-N recovered in the 30 -60, 60 -90 and 90 -120 cm soil layers in autumn 2008 at Swift Current it may well that a portion of the applied N had leached below the 120 cm depth, particularly at the high rate of manure. Previous research in Saskatchewan where soil samples were taken to 240 cm depth after 12 growing seasons, Malhi et al. [34] observed large amounts of residual nitrate-N accumulation in the 210 -240 cm layer for treatments where N applications had exceeded N removals. It should be noted that at Swift Current, crops were drought stressed during grain filling during both 2006 and 2007 and final grain yields were greatly depressed, while in 2008 the study suffered severe hail damage prior to grain filling. Minimal grain N uptake at Swift Current in all three years no doubt influenced the amount of nitrate N accumulating in the soil profile. Regardless, the results also emphasizes the need for deep soil sampling (maybe up to 3 or 4 m depth) in future research in order to make valid conclusions related to nitrate leaching losses in the soil profile.
Earlier research in China has shown substantial increase in extractable P and total P in soil with long-term annual applications of FYM [35] . In our study, there was a tendency towards increased extractable P in the surface 0 -5 cm soil with swine manure in some treatments even after three annual applications, probably due to fairly high concentration of P in swine manure. The increase of extractable P with swine manure only in the 0 -15 cm soil layer suggests that P is relatively immobile, but the slow build-up of P in the surface soil, especially after repeated applications to increase crop production, may subsequently increase the potential risk of contamination of surface waters with P from surface run-off of water after snow melt in early spring and/or after heavy rainfall events which often occur in this region during summer.
Sulphate-S in soil tended to increase with swine manure at Star City. This suggests that swine manure either contained sulphate-S or possibly increased sulphate-S through mineralization of organic matter. Sulphate-S increased with increasing rate of swine manure. It is possible that a portion of the sulphate-S may have leached below the 120 cm depth, as evidenced by large amounts of sulphate-S in the 30 -60, 60 -90 and 90 -120 cm layers, although no soil samples were obtained below 120 cm to verify this in our study. This suggests the need for future soil sampling to greater depths in order to make valid conclusions related to sulphate-S leaching. Earlier research in Saskatchewan has suggested that long-term application of LSM can increase K fertility of soil, due to the return of these nutrients in manure and in crop residue to soil over years [1] . However, in our present study, there was no increase in extractable K in soil from LSM or UAN application over three years at both sites. The amounts of unaccounted N increased with application of swine manure or N fertilizer compared to zero-N control. This unaccounted N reflects a portion of the applied N which did not become available to the crop, and may have been lost from the soil mineral N pool and/or from the soil-plant system. At Star City, it is unlikely that a portion of the applied N was leached down below 120 cm soil depth, because there was little nitrate-N recovered in the deeper soil layers in autumn 2008. At Swift Current, it is possible that a portion of the applied N may have leached down below 120 cm soil depth, because there were large amounts of nitrate-N recovered in the 30 -60, 60 -90 and 90 -120 cm soil layers in autumn 2008 in many cases for swine manure and UAN treatments. Other researchers have reported an increase in the concentration of residual nitrate-N in the soil profile at high N fertilizer rates [36] [37] [38] [39] , and any soil nitrate-N below the effective root zone of crops is susceptible to leaching, The loss of nitrate-N through leaching can result in N contamination of groundwater, and thus represents a potential risk to groundwater quality and soil health [40] . Our N balance results suggest that a portion of the applied N in the N treatments may have been immobilized in soil organic N, as evidenced by higher amount of soil organic N, especially in LFON even after 3 years in autumn 2008 (Tables 3-6) . At Star City, the amount of applied N recovered in LFON in soil ranged from −155 to 290 kg·N·ha −1 in various swine manure and UAN treatments. The corresponding values for the amounts of applied N recovered in total organic N in soil at Swift Current ranged from 36 to 529 kg·N·ha −1 . In addition, it is possible that a portion of the applied N may have been lost from the soil-plant system through denitrification (e.g., nitrous oxide and other N gases) due to wet surface soil conditions which temporarily exist in the present study area in most years in early spring after snow melt, or after occasional heavy rainfalls during summer and/or autumn [32, 33, 41] . It is also possible that a small portion of the applied N may have leached below the 120 cm soil depth profile, as suggested by Malhi et al. [34] who found large amounts of nitrate-N accumulation in the 120 to 240 cm soil profile in a long-term study in Saskatchewan with high input of N fertilizer and low crop intensity. This suggests the need for deep soil sampling below the 120 cm depth in future in our present long-term experiments.
Amounts of N Uptake in
Overall, the amount of residual soil nitrate-N recovered in the 0 -120 cm soil profile was relatively small in the Gray Luvisol soil at Star City. This indicates low accumulation of nitrate-N in the soil profile. However, large amounts of unaccounted N from applied N suggest a great potential for gaseous N loss, especially in early spring after snow thawing when the surface soil is very wet (conducive to denitrification), and N immobilization, and possibility of some nitrate-N leaching below the 120 cm depth soil profile in the Brown Chernozem soil at Swift Current. However, as noted previously, grain N uptake was limited due to environmental conditions which no doubt influenced the amount of nitrate N accumulating in the soil profile. There were large amounts of N balance and unaccounted N in the zero-N treatments and also in the swine manure or N fertilizer treatments, especially at Swift Current. The implication of these large negative values for N balance and unaccounted N in the zero-N treatments is that large amounts of N became available to the crops in the growing seasons through mineralization of soil organic matter. However, the large negative values for N balance and unaccounted N in the N fertilizer treatments at Swift Current suggest that the soil at this site may be gaining some N by wet/ dry deposition through precipitation (rain/snow) and possibly by non-symbiotic N fixation. The Swift Current site is not close to any large city or industry, we don't know if soil at this site gained any N deposited through dry (snow) and wet (rainfall) precipitation. This supports the need for future research to obtain information on the contribution of N from rain/snow and non-symbiotic N fixation, or other outside sources, in order to optimize the use and accounting of N resources, and their effects on greenhouse gas (GHG) emissions to the atmosphere.
The percent recovery of applied N over 3 years ranged from 37.7% to 50.0% in seed and from 50.7% to 65.0% in seed + straw at Star City, and from 0.3% to 7.0% in seed and from 27.5 to 54.7 in seed + straw at Swift Current in various swine manure or N fertilizer treatments (Tables 13 and 14) . The recovery of applied N in seed or seed + straw for swine manure was usually greater in the 3x rate than the 1x rate and also greater with the ADSM than the CTSM treatments. The greater recovery of applied N from swine manure in seed or seed + straw with the 3x rate than the 1x rate was possibly due to greater mineralization of any organic N because of much longer time of contact with soil microorganisms. The poor recovery of applied N in LSM or UAN fertilizer at Swift Current was most likely due to lack of crop response to these amendments, thus low input of organic C or N from crop residue which probably is the main/major source of C or N input to soil.
CONCLUSION
Our findings suggest that the quantity and quality of organic C and N in soil can be affected by swine manure rate and type, and N fertilization, most likely influencing inputs of C and N through crop residue, and improve soil quality.
